Very little is known about the locomotion of quadruped robotic systems. In Latin, the term quadruped means 'having four feet'. The robotic system analyzed in this project was a software simulation program modeled after a horse. Simulation data was recorded to resolve the relationship between foot position and impulses required to accelerate or to decelerate the system while trotting. These sets of data were then analyzed in MATLAB to produce graphical representations which allowed for a better understanding of the robot's motion in the simulation environment. A function was fit to the graph of discrete data values measured in the simulation. This function provided a model of the necessary ground reaction forces and foot position at touchdown of the system.
Specifically, this project seeks to better predict the leg forces that need to be generated during the period that a foot is in contact with the ground. Ground reaction forces can be measured in simulation. Integration of these forces with respect to time, or impulses, provides the resultant forces on the system during the stance phase of a leg. The impulses are largely dictated by the fore-aft location of the foot with respect to its hip at the initial point of contact (touchdown). The task given was to resolve the relationship between foot position at touchdown and the resulting impulse so as to analytically solve for the desired touchdown position of the foot, given a desired acceleration or deceleration of the robotic system.
MOTIVATION
Biological systems provide engineers with useful information on locomotion in an unknown environment. Quadruped robotic systems that mimic biology are valuable in space exploration, military missions, and search and rescue operations. To better understand the movement of biological systems, ground reaction forces and leg touchdown angles are measured.
The objective for the project is to gain insight into the dynamics related to a quadrupeds" mobility. The implications of these findings will allow for further research into trotting algorithms and the locomotion of robotic systems.
The Biomorphic Robotics Laboratory (BRL) at the University of South Florida seeks to build legged robotic systems inspired by human and animal morphology. As biologists provide insight into animal biomechanics, the BRL hopes to build experimental models that can be used to test biological hypotheses and further increase the understanding of these biological systems.
The models represent the essence of animal locomotion without the intricacies of individual animal morphology.
MATHEMATICAL DESCRIPTION AND SOLUTION APPROACH
For the remainder of this paper we take the following conventions. Let Impulse , produced from touchdown to liftoff, is defined by (1) where is the applied force and is an infinitesimal amount of time. From Newton"s second law, force is related to momentum by
Substituting (2) in (1) yields (3) which is known as the Impulse-Momentum Theorem. Momentum is the product of mass and velocity of an object, so and (4) Substituting (4) 
The quadruped"s right front (leg 1) and left hind (leg 4) legs move in unison, therefore it was necessary to sum the ground forces applied to both legs to get the total ground force applied for the step. This curve was shown in figure (2) as a dark blue solid line. The impulse, the integration of the ground force curve, shown in figure (2) was simply displayed with the following code. 
Recalling that the time step is 1 millisecond, the MATLAB code which calculated the impulse was: Impulse = sum( groundF_x(:, 1) .* 0.001 ) + … + sum ( groundF_x(:,4) .* 0.001 ).
As displayed in equation (1), the impulse was calculated by taking the sum of the areas created by the product of the ground forces and brief intervals of time. The total impulse included the sum the impulse from both leg 1 and leg 4. For example, when the robot was increasing its velocity from 3 to 3.25 m/s the following calculations applied. 
Equation (5) 
Taking the calculated result (10) and the theoretical result (11) allows for a comparison of percent error:
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This small error can be attributed to rounding errors in the trotting algorithm and noise in the system. Similarly, the impulse can be calculated for constant and decreasing velocity. Figure 6 in Appendix B displays the virtual leg angle measured when the leg makes contact with the ground (touchdown).
To resolve the relationship between the impulse and touchdown positions, the total stance period was measured (touchdown to liftoff) as well as the time the virtual leg angle was greater than zero (touchdown to transition). This information led to a better understanding of the angle required to accelerate or to decelerate the system for an intended change in velocity.
The Batch Least Squares (BLS) method was used to approximate a function to the curve.
The linear regression line used as the approximated function was .
The approximation provided a better understanding of the proper leg angle and impulse needed to accelerate or to decelerate the system greater than 0.25 m/s (the current limitation on the trotting algorithm). It also allowed for the input of the desired velocity and outputs the percent of the stance period that the virtual leg angle is greater than zero. The calculations used to calculate and graph the approximation appear in Appendix A.
DISCUSSION
The objective of this project was to resolve the relationship between the foot position at touchdown and the resulting impulse so as to analytically solve for the desired touchdown position of the foot, given a desired acceleration or deceleration of the robotic system. These relationships were displayed in Figures (5) , (7), and (8) in the Appendix. The results showed that there was a large negative impulse required to decelerate the system and a large positive impulse to accelerate the system. The stance time period (touchdown to liftoff) and the time where the virtual leg angle was greater than zero (touchdown to transition) were measured and analyzed.
The results showed that there was a greater amount of time from touchdown to transition while decelerating than when the model was at constant velocity. Also, there was a smaller amount of time from touchdown to transition while accelerating than when the model was at constant velocity. The relationship between impulse and touchdown to transition stance time yields the result of a larger virtual leg angle while decelerating and a smaller virtual leg angle while accelerating. The results were as expected and allow for a better understanding of the ground reaction forces needed and the angle of the leg at touchdown needed for accelerating and decelerating the quadruped system.
CONCLUSION AND RECOMMENDATIONS
This project studied the locomotion of quadruped robotic systems. The current trotting algorithm used in the simulation environment only allowed for accelerations and decelerations no greater than per step. The results presented here
give a better understanding of the ground reaction forces and touchdown angle required for the high speed trot of the quadruped system. The system decelerates by impacting the ground with a leg angle at touchdown larger than at acceleration and applying a negative impulse from time of touchdown to transition. In contrast, the system accelerates by making touchdown with a smaller leg angle and larger positive impulse from transition to liftoff.
Further research would be interesting to note the relationship between the locomotion of straight line trotting versus turning while trotting, as well as analyzing the trot on uneven terrain.
NOMENCLATURE

Symbol Meaning Units
Impluse Momentum Mass Velocity 
